Purpose: To report the final analysis of survival outcomes for children with newly diagnosed highgrade glioma (HGG) treated on the "Head Start" (HS) II and III protocols with chemotherapy and intent to avoid irradiation in children <6 years old.
INTRODUCTION
Central nervous system (CNS) tumors are the second most common childhood malignancy and the leading cause of cancer-related death in children. 1 High-grade gliomas (HGGs) are a heterogeneous group of tumors that include World Health Organization (WHO) grade III (anaplastic astrocytoma, AA) and IV (glioblastoma multiforme, GBM) neoplasms. HGGs account for approximately 10% of pediatric brain tumors and are the second most common malignant CNS tumor after medulloblastoma. 2 Current therapies include surgical resection, radiotherapy, and chemotherapy, administered both concomitant with and following irradiation. [2] [3] [4] [5] [6] Despite aggressive multimodality therapy, historically the long-term survival has been poor, ranging from 10 to 30%. 2 In addition, young children treated with cranial irradiation experience significant and irreversible neurocognitive sequelae, a phenomenon now well described in the literature. [7] [8] [9] As a result, several clinical trials have attempted to delay or eliminate radiotherapy in the treatment of intracranial malignancies, particularly in very young children. [10] [11] [12] Over the last two decades, marrowablative chemotherapy with autologous hematopoietic cell rescue has gained a role in the treatment of children with CNS tumors. 13, 14 Since 1991, the "Head Start" (HS) trials have focused on avoiding radiotherapy in young children and preserving neurocognitive function by incorporating high-dose, marrow-ablative chemotherapy and autologous hematopoietic progenitor cell rescue (AuHPCR) in the treatment of malignant CNS tumors. The success of this effort in the overall preservation of neuropsychological functioning and quality of life for patients treated on the HS protocols has been extensively discussed in other publications. 7, 8 Here, we present the analysis of survival outcomes for children with HGG treated with a uniform induction and consolidation chemotherapy strategy (regimen C) on the HS II and III protocols.
PATIENTS AND METHODS

Patient selection
Children <10 years old with newly diagnosed HGG without prior chemotherapy or irradiation were enrolled in two sequential, prospective, nonrandomized international multiinstitution studies, HS II and overall survival (OS) from the time of study enrollment of children treated with regimen C followed by consolidation with marrow-ablative chemotherapy and AuHPCR after maximal surgical resection.
Surgery
All patients were to undergo maximal possible surgical resection, consistent with preservation of neurologic function prior to enrollment in the studies. The extent of surgical resection was defined as follows: gross total resection (GTR) if no residual tumor was present, near total resection when less than GTR but more than 90% resection was achieved, subtotal resection when less than 90% but more than 50% resection was achieved, and partial resection if less than 50% of the tumor was resected. A small number of patients had biopsies only, where 10% or less of the tumor volume was resected. The degree of surgical resection was determined by central review of operative reports and of the preoperative and postoperative MRI reports; where these differed, the extent of resection was based on the imaging studies.
Pathology review
Patients were eligible to start therapy based on the institutional pathologic diagnosis. Every effort was made to obtain samples for central 
Chemotherapy regimen
All patients were to be treated with regimen C, which consisted of four cycles of induction chemotherapy at 28 day intervals with vincristine (0.05 mg/kg intravenous [IV] on days 0, 7, and 14), carboplatin (560 mg/m 2 or 20 mg/kg IV, whichever was less, on days 0 and 1), and temozolomide (6.5 mg/kg PO on days 0 through 4) followed by a consolidation phase with one cycle of marrow-ablative chemotherapy consisting of thiotepa (300 mg/m 2 IV on days -5 through -3) and carboplatin (calculated using the Calvert formula for a desired area under the curve of 7 mg/ml/min, given IV, on days -8 through -6), with AuHPCR. Granulocyte colony-stimulating factor 5 g/kg/day was to be administered subcutaneously commencing 24 hr after the last dose of chemotherapy in each induction cycle and continued until the postnadir white blood cell count was more than 10,000/ l. Chemotherapy was to be discontinued if disease progression or unacceptable toxicity occurred. Autologous hematopoietic progenitor cell leukopheresis was to be undertaken upon recovery from cycles 1 or 2.
Radiotherapy
Patients were to receive radiotherapy only if they were >6 years old at the time of diagnosis and/or had residual tumor at entry into consolidation chemotherapy. Radiotherapy was to be initiated following recovery from consolidation chemotherapy. Per protocol, children with localized residual tumor were to receive 54 Gy local field radiation therapy (XRT). XRT doses and volumes for rare patients with metastatic disease were left to treating investigators.
Quality of life, behavioral functioning, and neuropsychologic assessment
Data were collected using methodology similar to studies published from HS I and II. 7, 8 All subjects enrolled on the HS III study were expected to undergo a neuropsychological assessment prior to transplant and every 2 years thereafter. Unfortunately, given the small number of HGG subjects and limited follow-up data, the available neuropsychological data will be reported as descriptive.
Informed consent
Parents or legal guardians for each child signed an informed consent approved by the treating center's Institutional Review Board or equivalent committee. No patient was permitted to be enrolled from a participating center before the local Institutional Review Board (IRB) approval letter and consent form were further reviewed and approved by the Operating office (CHLA) IRB.
Statistical considerations
Primary endpoints for analysis were as follows: EFS-time from date of diagnosis to progression, relapse or death from any cause; OStime from date of diagnosis to death; and irradiation-free survivaltime from date of diagnosis to death or to the initiation of radiotherapy for any reason. These were estimated using product-limit estimates with Greenwood standard errors. Comparisons between groups were based on the log-rank test.
RESULTS
From May 2001 to December 2009, 32 children <10 years old newly diagnosed with and previously untreated for HGG were enrolled on the HS II and III protocols. Patient characteristics, tumor characteristics, and surgical outcomes are described in detail in Table 1 .
Response to induction and consolidation chemotherapy
Twenty of 32 children completed induction chemotherapy. Of the other 12 patients, nine had progressive disease (PD), one patient discontinued therapy per parent request, one patient died of sepsis during induction, and one patient had PD prior to starting induction and elected to start XRT right away. Table 2 details the radiographic responses to the induction chemotherapy. Gross total resection 4 12.5
TA B L E 1 Patient demographics and tumor characteristics
AA, anaplastic astrocytoma; GBM, glioblastoma multiforme.
Nineteen patients (59.4%) proceeded to consolidation chemotherapy. A single patient that completed induction had stable disease (SD)
at the end of induction, but the family opted not to proceed to consolidation. Radiographic response was assessed on day +42 following consolidation. Response rate = CR + PR + MR/total (excluding CCR); progressive disease (PD) rate = PD/total (including CCR).
TA B L E 2 Response to induction therapy and consolidation therapy
Radiation therapy
Sixteen patients (50%) received XRT at some point during their management. Nine patients received XRT for recurrence after BMT, four patients had disease progression during induction therapy, two patients had residual disease after consolidation, and one patient discontinued chemotherapy on day 2 of cycle 1 due to significant progression prior to starting therapy, and proceeded directly radiotherapy. Figure 1 shows patient outcomes based on response to induction, AuHPCR, and XRT.
Toxicity
One patient enrolled on HS III died of toxicity due to sepsis during 
Recurrent disease and relapses
Eleven patients experienced relapse after AuHPCR, and one patient who had SD after induction but declined AuHPCR had disease progres- 
EFS, OS, and irradiation-free survival
Among patients who were still alive, the median follow-up time was 25 ± 8% and 36 ± 9%, respectively (Fig. 2) . Age-stratified EFS and OS are shown in Fig. 3 . Five-year irradiation-free survival was 31 ± 10% ( Supplementary Fig. S1 ). Overall, 11 of 32 patients survive. Nine of those 11 underwent BMT, six of whom survive without XRT. One additional surviving patient, who did not undergo BMT, had a second surgery and declined XRT, bringing the total number of patients who survive without XRT to seven.
Neuropsychological assessment results
Five patients underwent at least three serial neuropsychological evaluations that consisted of either an age-appropriate Wechsler Full Scale IQ score, Verbal IQ and Performance IQ score, and/or the parentreport Adaptive Behavior Assessment Scale, 2nd ed. Four of the five subjects were assessed prior to transplant (age range 5-49 months), with the most recent follow-up between 89 and 133 months, while the fifth subject was assessed at 79 months posttransplant. As the data available in the Supplementary Table S1 illustrates, the IQ and adaptive functioning scores between subjects varied between the high average to impaired ranges; however, it is notable that the predominance of scores within subjects were generally consistent between pretransplant and most recent follow-up, which is suggestive of similar stable findings from other HS subjects. 7,8
Analysis of prognostic factors
Supplementary Table S2 shows the analysis of prognostic factors.
There was no statistically significant difference in EFS or OS by pathology, age at diagnosis, or extent of resection. Patient sex was the only factor that had statistical significance, with males having better OS than females (65 ± 12% vs. 29 ± 12%, P = 0.02). Table 3 summarizes the results of the most relevant of these trials. One commonality to all these studies is that the youngest children seem to have better outcomes than older children. Although no single explanation fully accounts for this observation, some studies have suggested that the gliomas of very young children are molecularly different from those of older children. For example, P53 gene mutations are associated with poor outcomes in HGGs. 27 CCG-945 reported that among children <3 years old, 28% had p53 mutations, as compared to 70% of children 3-6 years old (P = 0.5). 12 Several other molecular genetic targets have been or are being investigated for their roles in the differences between adult and pediatric HGG, including phosphatase and tensin homolog deletions, epidermal growth factor receptor gene amplification, alphatype platelet-derived growth factor receptor, and Akt pathway F I G U R E 3 (A) EFS by age at diagnosis; (B) OS by age at diagnosis activation. [22] [23] [24] [25] [26] 28 These biomarkers and others will need further research to establish their role as prognostic indicators and/or potential therapeutic targets in pediatric HGG.
F I G U R E 1 Diagram of patient outcomes
The survival outcomes of the current study, although not statistically significant, show a trend that supports the theory of a biological difference between the HGG of younger versus older children. Our study included nine patients under the age of 3 years, with three of those patients being 6 months or younger, and seven of them <24 months of age at the time of diagnosis. Three patients died (two developed PD during induction therapy, one had relapse 3 months post-AuHPCR), one patient left the study and was lost to follow up after 2 years, and five patients survive 28+ to 72+ months after diagnosis. Four of these patients underwent AuHPCR and one family refused. One of these patients relapsed 6 months post-AuHPCR, but was successfully treated with radiotherapy. Overall, for our patient below 3 years of age, the 5-year EFS and OS were 44 ± 17% and 63 ± 17%, respectively, compared to children 36-71 months old (31 ± 13% and 38 ± 13%) and children >72 months old (0% and 13 ± 12%), P = 0.36 for EFS and P = 0.32 for OS. The small number of patients likely contributed to the lack of statistical significance, but the overall trend of this and other reported studies suggests that these youngest of patients have relatively more favorable survival rates with irradiation-avoiding strategies than their older counterparts with irradiation and chemotherapy.
The psychological and neurological burden of cranial radiation in children has been well documented. [7] [8] [9] The HS protocols were designed to eliminate or delay irradiation in the youngest children with the goal of preserving neuropsychological function and quality of life.
The positive impact of the HS protocols on both of these metrics has been published previously. 7, 8, 10 Unfortunately, we have an insufficient number of subjects and follow-up testing data to report on the neurocognitive outcomes for these particular 32 patients. However, the The difference in OS between males and females may be an idiosyncrasy of our small patient sample and likely does not reflect a biologic difference between the sexes. Other studies have shown no difference in survival, and one study showed improved OS for females. 15 
CONCLUSIONS
The survival for young children treated with this irradiation-avoiding strategy is similar to that of older children with standard irradiationcontaining therapies. This outcome may reflect biological differences between HGG in young children versus older children. These relatively favorable EFS and OS are likely achieved with relative preservation of quality of life and intellectual functioning as compared to regimens using upfront irradiation; while our surviving patient numbers are too few to document this within this specific patient population, it is quite reasonable to extrapolate from other well-published reports on longterm outcomes on larger numbers of young children treated with the "Head Start" strategy for medulloblastoma and other malignant CNS embryonal tumors. These data suggest that, while improved outcomes with BMT remain unproven, irradiation-avoiding treatment strategies such as HS deserve further development and evaluation in young children with HGG and would best be tested in a multicenter trial comparing conventional chemotherapy with marrow-ablative chemotherapy.
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